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Graphene emerges as a viable material for optoelectronics because of its broad optical response and
gate-tunable properties. For practical applications, however, single layer graphene has performance limits
due to its small optical absorption defined by fundamental constants. Here, we demonstrated a new class of
flexible electrochromic devices using multilayer graphene (MLG) which simultaneously offers all key
requirements for practical applications; high-contrast optical modulation over a broad spectrum, good
electrical conductivity and mechanical flexibility. Our method relies on electro-modulation of interband
transition of MLG via intercalation of ions into the graphene layers. The electrical and optical
characterizations reveal the key features of the intercalation process which yields broadband optical
modulation up to 55 per cent in the visible and near-infrared. We illustrate the promises of the method by
fabricating reflective/transmissive electrochromic devices and multi-pixel display devices. Simplicity of the
device architecture and its compatibility with the roll-to-roll fabrication processes, would find wide range of
applications including smart windows and display devices. We anticipate that this work provides a
significant step in realization of graphene based optoelectronics.
E
lectrochromism provides electrically-controlled color change1–3. Color of an electrochemically active
material with strong optical absorption can be bleached by electron-transfer reaction (redox). For example,
a deep absorption which generates blue color can be switched to transmissive state with white or orange
color. Various material systems such as metal oxides4, polymers3, nanocrystals5,6 and carbon nanotubes7–9 have
been used as electro-active materials10. The advantages of ECDs over the well-established liquid crystal display
technologies, are their lowmaterial cost and compatibility with nonplanar and flexible surfaces. Howevermany of
these devices require fragile transparent and conducting electrodes which hinder the realization of the full
potential of electrochromic materials for flexible applications. Various synthetic approaches6,11 have been
developed to integrate conducting polymer and coloring molecules in a multilayer structure for flexible applica-
tions, however, low conductivity of polymers and interfacial mismatch between the layers degrades the perform-
ance. The tradeoff between high contrast ratio and broad spectral response is another technical challenge. High
contrast ratio requires strong optical absorption which limits the efficiency of the bleaching process. The full
potential of flexible electrochromic devices has yet to be realized12,13. These technologies would benefit from a
material which is mechanically flexible, electrically conductive and optically tunable in a broad spectrum. Here,
we show that multilayer graphene (MLG) provides all these challenging requirements and yields a new perspec-
tive for optoelectronic devices. This article is structured as follows, we first study the electrochromism of multi-
layer graphene and characterize the device performance. In the final section we demonstrate transmissive and
reflective type multipixel display devices.
Gate-tunable optical properties of graphene have been the subject of an active research in optoelectronics14–26.
The interband electronic transition of single and bilayer graphene can be blocked by electrostatic doping22,27.
Recently, we discovered a new type of optical modulation scheme using graphene supercapacitors19. We showed
that optical transmittance of single layer graphene electrode can be modulated by 2% via electrostatic dop-
ing20,22,28. However, controlling interband transition of thick multilayer graphene is not possible by electrostatic
doping due to screening of the top layers. Here, we show that fast and reversible intercalation process can control
optical absorption of multilayer graphene which yields a tunable optical transmittance with high-contrast.
Figure 1a and 1b show the preparation steps of multilayer graphene electrodes on flexible substrates. We
synthesized large area multilayer graphene on metal foils using chemical vapor deposition. After the growth, we
laminated 75 mm thick polyvinyl chloride (PVC) films at 120uC on the graphene coated side of the foils
(Figure 1a). Etching the foils with diluted hydrochloric acid solution yields large area graphene films on trans-
parent and flexible substrate (Figure 1c and Supplementary Information Figure S1). We used copper and nickel
foils as a growth substrate in chemical vapor deposition of graphene layers. Figure 1d shows the Raman spectra of
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graphene samples grown on nickel and copper foils. The multilayer
graphene samples grown on copper foils are more defective (intense
D-band) than the ones grown on nickel foils. This is because of the
different growth mechanisms; the growth mechanism on copper is
based on surface adsorption which yields defective multilayer gra-
phene, however, the growth mechanism on nickel is based on pre-
cipitation of the dissolved carbon in the foil29. The growth time and
the temperature determine the number of graphene layers grown on
nickel and copper foils, respectively. We estimated the thickness of
the synthesized MLG from the transmittance spectra and measured
the sheet resistance of the MLG electrodes using transfer length
method (TLM, Supporting information Figure S2). Figure 1e shows
the optical transmittance spectra of various samples that have MLG
grown on nickel at temperatures from 850 to 1000uC. On copper
foils, wewere able to growMLGup to 20 layers, howeverMLGgrown
on nickel foils, were much thicker between 30–100 layers. The vari-
ation of the sheet resistance and optical absorption with the layer
number is given in Figure 1f. The sheet resistance decreases from
1300 to 13 ohm/sq as the number of layers increases from 14 to 98.
At the same time optical absorption increases from 30 to 90%. The
MLG electrodes on PVC have mechanical flexibility with bending
radius down to 2 mmwith a constant the sheet resistance (within 1%,
Supplementary Information Figure S3).
To fabricate the electrochromic devices, we attached two graphene
coated PVC substrates with a spacer and filled the gap with an ionic
liquid electrolyte. The spacer is a 250 mm thick frame containing
50 mL ionic liquid electrolyte (Diethylmethyl(2-methoxyethyl)am-
moniumbis(trifluoromethylsulfonyl)imide). Figure 2a shows the
schematic exploded view of the device. We started our investigation
by measuring the optical transmittance of the device. For the voltage
range from 0 to 2.5 V, we do not observe a significant change in the
transmittance however, as we increase the voltage further, the trans-
mittance increases rapidly and the device become more transparent
at 5 V (Supporting informationMovie 1 andMovie 2). Figure 2b and
2c show the photographs of the device at 0, and 5 V, respectively.We
put the logo of our university behind the device with a backlight
illumination. At 5 V, the logo appears clearly through the device
(Figure 2c). The transmittance spectra under applied voltage from
0 V to 5 V are shown in Figure 2d. At 0 V, the transmittance is only
8% and slightly varies with the wavelength. At 5 V, the transmittance
increases sharply to 55% at 900 nm. Figure 2e shows the variation of
the transmittance at 800 nm with the applied voltage. The modu-
lation of the spectra originates from the blocking of interband transi-
tions of the graphene layers via electrostatic doping. However, this
requires effective doping of underneath layers. Surprisingly, the
above layers can be doped when we applied large bias voltages. We
propose that the efficient doping of above layers is due to intercala-
tion of ions into the graphene layers. According to our observation,
using thicker spacer which contains more ionic liquid (,100 mL)
didn’t affect the device operation in terms of transmittance modu-
lation or charging time. However using thinner spacer, which con-
tains less volume of ionic liquid, can cause electrical shortage
between the top and bottom graphene layers in large scale devices
due to the sagging of the flexible substrate.
To understand the mechanism behind the optical modulation, we
measured the Raman spectra of the graphene electrode under the
Figure 1 | Synthesis and characterization of multilayer graphene on flexible substrates. (a), Transfer printing of large area multilayer graphene on
flexible PVC substrates by lamination process. Multilayer graphene electrodes were synthesized on metal foils (copper or nickel), then 75 mm thick PVC
film was laminated on graphene coated side. (b), Etching the metal foils yields flexible multilayer graphene electrodes on the PVC support. (c),
Photograph showing the flexible multilayer graphene electrodes. (d), Raman spectra of the samples synthesized on copper and nickel foils. (e), Optical
transmittance spectra of theMLG electrodes using grown on nickel at different temperatures. (f), Variation of the sheet resistance (blue curve) and optical
absorption (red curve) of MLG electrodes with the layer number.
www.nature.com/scientificreports
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applied voltage (Figure 2f). For applied voltages less than 2.5 V,
Raman spectra show no significant change, however, after 2.5 V,
the intensity of G-band significantly increases, and D-band appears.
Furthermore we observed a strong fluorescence background. The
enhancement of G-band and the background fluorescence indicate
strong electrostatic doping of graphene layers while appearance of D-
band shows formation of defects in graphene layers30. These obser-
vations suggest that after a threshold voltage which is around 2.5 V,
Figure 2 | Graphene electrochromic devices. (a), Exploded-view illustration of the graphene electrochromic device. The device is formed by
attaching two graphene coated PVC substrates face to face and imposing ionic liquid in the gap separating the graphene electrodes. (b,c), Photographs of
the devices under applied bias voltages of 0 V and 5 V, respectively. The image of Bilkent University logo [copyright permission from I.D. Bilkent
University] appears at 5 V. Demonstrated device is composed of two multilayer graphene electrodes synthesized at 925uC each having ,78 layers.
(d), Transmittance spectra of the device under applied voltage between 0 V to 5 V. (e), Variation of the transmittance (at 800 nm) with the applied
voltage. (f), Variation of the Raman spectra of graphene electrodes under the applied voltage. (g–i), Schematic representation of the proposed operating
regimes, i.e. neutral, charge accumulation, and intercalation, respectively.
www.nature.com/scientificreports
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ions can intercalate into the multilayer graphene through the
induced defects and provide effective doping on the above layers.
The schematic drawings in Figure 2g–2i demonstrate proposed
mechanism for the observed electrochromism. Applied voltage less
than 2.5 V, polarizes the ionic liquid and charges accumulate at the
graphene-electrolyte interface. We named this range as ‘‘accumula-
tion’’ which results in a very small optical modulation (around 2%
of the initial transmittance) due to doping of the graphene layer
at the electrolyte interface. Applied voltage larger than 2.5 V
induces structural defects and initiates intercalation of ions into
the graphene layers (Figure 2i). Appearance of intense D-band in
the Raman spectra after 2.5 V indicates the formation of defects on
the graphene which enhances the intercalation process. We have
tested various electrolytes including water based electrolytes and
ionic liquids. The electrochemical window of the electrolyte is a
key parameter to achieve effective doping of the graphene layers
via intercalation process. We observed that, water based electrolytes
do not yield effective intercalation due to narrow electrochemical
window. We obtained the best performance with ionic liquid
[DEME][TFSI] which has an electrochemical window between
23.0 to 3.5 V.
At the very first cycle, we also observed that color change initiates
at the edge and propagates along the device (Supplementary
Information Figure S4). The color change of multilayer graphene is
reversible and can be cycled many times. Intentionally created struc-
tural defects on graphene with the applied voltage has only long term
effects on device operation.We showed that the devices are stable for
70 cycles of switching between on and off states. (,50 minutes of
continuous operation) (Supplementary Information Figure S6). We
also measured a change in the resistance of MLG electrodes. For
applied voltages of less than 5 V, the resistance of electrode decreases
from 180 to 110 V. When MLG is transparent, its resistivity is less
than the neutral state. These experiments suggest that the observed
electrochromic effect is not because of a chemical reaction that oxi-
dizes the graphene electrodes31,32 but it is because of the intercalation
process which electrostatically dopes the graphene layers.
Since the observed optical contrast is defined by the efficiency of
the intercalation process, the thickness of MLG determines the
device performance. We fabricated a series of devices using MLG
with varying thickness. Figure 3a–3f shows the voltage controlled
transmittance modulation of 6 representative devices that have
MLG electrodes with various thickness. Devices shown in
Figure 3a–3c were fabricated by using MLG grown on copper while
the devices shown in Figure 3d–3f were fabricated by using MLG
grown on nickel foils. The inset shows the estimated number of
graphene layers (Supplementary Information Figure S5). Since the
graphene quality affects the device operation in terms of transmit-
tance modulation, MLG grown on copper or nickel foils yields some
differences in the device performance. Nickel foils produce more
crystalline graphene than copper foils. This significantly enhances
the device characteristics. For the devices using MLG grown on
copper, we observed a flat optical response over a broad spectrum
(Figure 3a–3c), however, for the devices usingMLG grown on nickel,
the modulation spectra show a broad peak centered at 850 nm
(Figure 3d–3f). Moreover, we also observed a tradeoff between initial
optical absorption (at 0 V) and transmittance modulation efficiency.
The thickness of a multilayer graphene electrode defines the max-
imum transmittance modulation efficiency that the electrochromic
device can have. For thin MLG (,20 layers), the optical absorption
can be blocked, however for very thick MLG (.50 layers), the inter-
calation process is inadequate that yields diminishing optical modu-
lation. The variation of the transmittance at 800 nm is plotted in
Figure 3g (for the devices using MLG grown on copper foils) and
Figure 3h (for the devices using MLG grown on nickel foils).
Graphene grown on copper yield less modulation but smooth vari-
ation with the applied voltage, however, graphene grown on nickel
yield larger modulation with steep variation with the applied voltage.
The measured optical modulation is plotted in Figure 3i against the
estimated number of graphene layers. Maximummodulation of 30%
can be obtained with 25 layers of MLG electrodes grown on copper
foil, whereas, MLG grown on nickel foils yield modulation of 55%
and decays as the number of graphene layers increases.
To understand the charging and discharging dynamics of the gra-
phene electrochromic devices, we performed simultaneous electrical
and optical characterization. Figure 4a shows the experimental con-
figuration used tomeasure current-voltage (Figure 4b) and transmit-
tance-voltage (Figure 4c, at 635 nm wavelength) curves. The
electrical current and optical transmittance was measured simulta-
neously, as we swept the voltage between 25 V to 5 V with a scan
rate ranging from 0.5 V/sec to 5 V/sec. We observed a profound
hysteresis in both current and optical transmittance. The arrows
represent the scan direction of the voltage. Interestingly, these
devices provide optical bistability. For example, at 4 V bias voltage,
the device has two distinct optical transmittance depending on the
scan direction. The level of hysteresis varies with the scan rate
(Figure 4d and 4e). As we increase the scan rate, the charging current
increases (Figure 4f) whereas the optical modulation diminishes
sharply (Figure 4g). The hysteresis is a characteristic behavior of
supercapacitors due to the formation of electric double layers. We
also observed an asymmetry between the charging and discharging
cycles. To further characterize charging and discharging time scales,
we applied 5 V and 0 V in a sequence and recorded the time trace of
the optical transmittance and charging current (Figure 4h). The
charging time (3.5 sec) is significantly larger than the discharging
time (0.25 sec). This difference is clearly seen in Figure 4i which
shows the optical modulation during a single cycle. The current
during charging and discharging cycles are also different. When we
applied 5 V, the charging current starts from 5 mA and decays expo-
nentially. During the discharging, we measured a current of 20 mA
which decays much faster (Figure 4j). This asymmetric behavior is
likely due to the variation of the electrical conductivity of the gra-
phene electrodes. In the charged state, the conductivity is larger than
its value in the discharged state because of electrostatic doping. In
order to test the stability of the device, we measured the time trace of
optical transmittance for 70 cycle (Supplementary Information
Figure S6) and plotted the histogram of the intensity of the trans-
mitted light at the on- (Figure 4k and 4m) and off-state (Figure 4l and
4n). The variation of the transmittance in the off-state is much less
than the variation of the transmittance in the on-state which is likely
due to inhomogeneous charging.
To show the promises of graphene electrochromic devices, we
fabricated a multi-pixel flexible electrochromic display. We synthe-
sized large area (5 cm3 5 cm) graphene electrodes and transferred
them on a PVC support. The top and bottom graphene layers were
patterned to form three 1 cm wide ribbons and placed face to face
perpendicularly (Figure 5a). The top and bottom graphene electrodes
were separated by a thin spacer to prevent electrical shorting.
Figure 5b shows the photograph of the fabricated device. The device
is flexible and can be curvedwith 1 cm radius without any damage on
graphene electrodes. We first applied voltage to alternating electro-
des to form a chessboard pattern (Supplementary InformationMovie
3). We take the snapshots of the device at various voltages
(Figure 5c). After 4 V, the chessboard pattern appears clearly. The
transmittance of individual pixels can be reconfigured by changing
the voltages applied to the rows and columns. Figure 4d represents
different patterns obtained at 5 V applied voltage. The performance
of the individual pixels is similar to the single pixel devices. The pixel
size of the display device can be easily scaled down by photolitho-
graphy and etching process.
Furthermore, we fabricated reflective type graphene electrochro-
mic devices. This device consists of electrolyte sandwiched between
gold and graphene electrodes (Figure 6a). MLG was transferred on a
www.nature.com/scientificreports
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PVC support by lamination process and 100 nm thick gold electrode
was evaporated on another PVC support. Figure 6b and 6c show the
photograph of the device at 0 and 5 V applied voltages. When the
device is unbiased, it looks black due to absorption of the MLG
electrodes. Under an applied voltage of 5 V, MLG electrodes become
transparent and the color of the device turns into yellow due to
underneath gold layer. The reflection spectra at various applied vol-
tages are shown in Figure 6d. This simple device architecture provides
new possibilities for reconfigurable mirrors. As an example we fabri-
cated multi-pixel reflective device, by patterning the gold and MLG
electrodes (Figure 6e). We isolated the pixels using a spacer with
circular holes that contain the ionic liquid. Figure 6f and 6g show
Figure 3 | Effect of thickness and quality of graphene on the device performance. (a–f), Transmittance spectra (under applied voltage ranging from 0 V
to 5 V) of electrochromic devices using various thicknesses ofMLG. Devices shown in (a–c) useMLG grown on copper foils while devices shown in (d–f)
use MLG grown on nickel foils, respectively. The inset shows the estimated number of graphene layers. The color bar shows the applied voltage.
(g,h) Variation of the transmittance (at 800 nm) of ECD using MLG grown on copper and nickel foils, respectively. (i), Maximum optical modulation
plotted against the estimated number of graphene layers.
www.nature.com/scientificreports
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the chessboard pattern appearing on the device under 5 V applied
voltage. The device is bendable and the pattern is reconfigurable.
As a conclusion, we demonstrated a new class of flexible electro-
chromic devices using multilayer graphene electrodes. We show that
the optical transmittance of MLG can be controlled by electrostatic
doping via reversible intercalation of charges into the graphene
layers. Simultaneous electrical and optical characterizations of the
graphene electrochromic devices reveal the mechanism behind elec-
trochromic operation. The demonstrated reflective/transmissive
multipixel electrochromic display device and reflection type device
highlight the promises of the method. The key attributes of our
flexible devices are the simplicity of device architecture, high optical
contrast and broad band operation. Compatibility with roll-to-roll
fabrication processes enables scalable approaches for large area
applications. We believe that this work provides a significant step
in realization of flexible optoelectronic devices.
Methods
Synthesis of multilayer graphene.Multilayer graphene samples were synthesized on
25 mm thick copper and nickel foils (Alfa Aesar item #13382 and Alfa Aesar item
#12722 respectively) by chemical vapor deposition at various temperatures ranging
from 850uC to 1000uC at the ambient pressure. H2, Ar and CH4 gases were used
during the growth process. CH4 gas served as a carbon feedstock and only sent during
the growth. Flow rates of the CH4, H2, and Ar were set as 30 sccm, 100 sccm,
100 sccm respectively. Growth times were 30 min for copper foils and 5 min for
nickel foils. After terminating the growth, the samples were left for fast cooling to
room temperature. By controlling the growth time and temperature, we obtained
series of multilayer graphene samples having various thickness (10 to 250 layers
according to the growth temperature.)
Transfer-printing of multilayer graphene. In order to obtain large scale and flexible
multilayer graphene electrodes we used lamination technique to transfer the
multilayer graphene on transparent PVC substrates. At 120uC, we laminated 75 mm
thick PVC film on the graphene coated side of metal foils conformably and etched the
foils from back side in %30 hydrochloric acid solution. When the metal foils was
completely etched in an hour, the PVC support holding multilayer graphene was
rinsed in DI water and left to fast air drying. The multilayer graphene remains stable
on the flexible PVC even after bending the substrate.
Preparation of the electrochromic device. After the transfer printing process, we
attached two graphene coated PVC substrates using 250 mm thick adhesive
frames (Frame-SealTM - Bio-Rad). The cell is filled with 50 mL ionic liquid
electrolyte [DEME][TFSI] (98.5%, Diethylmethyl (2methoxyethyl)ammoniumbis
(trifluoromethylsulfonyl)imide, Sigma-Aldrich, 727679. We attached two
copper wires to apply voltage to the graphene electrodes using conductive carbon
tape.
Optical transmittance measurements. The transmittance measurements were
performed by using Bruker Vertex 70 V FTIR spectrometer integrated with Si
photodiode. We worked in the wavelength range between 450–1100 nm. We biased
the graphene ECD using Keithley 2400 source measure unit during the transmittance
measurements. The charging current is also recorded during the measurement.
Raman spectroscopy. Jobin Yvon Horiba Raman microscope system with 503
microscope objectives is used for Ramanmeasurements. The excitation wavelength was
532 nm. The transparent geometry of the electrochromic device allows us to measure
the Raman spectrum of the graphene layers under applied bias. During the Raman
measurements, the voltage bias was applied by Keithley 2400 source-measure-unit.
Figure 4 | Charging and discharging characteristics of graphene electrochromic devices. (a), Schematic illustration of the experimental setup used for
the simultaneous electrical and optical characterization of the graphene electrochromic devices. (b), Current-voltage and (c), transmittance-voltage
curves at 635 nm at a scan rate of 0.5 V/s. (d), Current-voltage and (e), transmittance-voltage for different scan rates. (f), Maximum current and (g),
maximumopticalmodulation versus the scan rate. (h), Optical switching characteristics of the device at 635 nm. (i,j) Time variation of transmittance and
charging current for a single switching cycle. The extracted RC time constants of the electrochromic device (3.5 seconds for charging and 0.25 seconds for
discharging respectively) are illustrated on the single switching cycle with intervals defined by the red bars. (k,l), Long term stability of the transmittance in
the on-state (at 5 V) and off-state (0 V). (m,n), The histogram of the transmittance in the on- and off-state.
www.nature.com/scientificreports
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Figure 5 | Multi-pixel display device. (a), Schematic illustration of the multi-pixel display device consisting of 3 3 3 arrays of flexible electrochromic
device. (b), Photograph of the fabricated flexible multi-pixel device. (c), Photographs of the device under various bias voltages that generate chessboard
pattern. (d), Photographs of the device under 5 V bias voltage with different reconfigurable patterns.
Figure 6 | Graphene based reflective electrochromic devices. (a), Exploded-view schematic illustration of the reflective graphene-electrochromic device
consisting of gold and multilayer graphene electrodes. (b,c) Photograph of the fabricated device at 0 V and 5 V applied voltage, respectively.
(d), Modulation of the reflectance spectra of the devices under various applied voltages. (e), Photograph of the flexible multi-pixel reflective device.
(f,g), Photographs of the reflective device under bias voltage of 0 V and 5 V that generate chessboard pattern.
www.nature.com/scientificreports
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